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Imbalances in protein homeostasis caused by mutant desmin

Aims: We investigated newly generated immortalized

heterozygous and homozygous R349P desmin

knock-in myoblasts in conjunction with the corre-

sponding desminopathy mice as models for desmino-

pathies to analyse major protein quality control

processes in response to the presence of R349P

mutant desmin. Methods: We used hetero- and

homozygous R349P desmin knock-in mice for analyses

and for crossbreeding with p53 knock-out mice to gener-

ate immortalized R349P desmin knock-in skeletal mus-

cle myoblasts and myotubes. Skeletal muscle sections

and cultured muscle cells were investigated by indirect

immunofluorescence microscopy, proteasomal activity

measurements and immunoblotting addressing autop-

hagy rate, chaperone-assisted selective autophagy and

heat shock protein levels. Muscle sections were further

analysed by transmission and immunogold electron

microscopy. Results: We demonstrate that mutant des-

min (i) increases proteasomal activity, (ii) stimulates

macroautophagy, (iii) dysregulates the chaperone

assisted selective autophagy and (iv) elevates the protein

levels of aB-crystallin and Hsp27. Both aB-crystallin and

Hsp27 as well as Hsp90 displayed translocation patterns

from Z-discs as well as Z-I junctions, respectively, to the

level of sarcomeric I-bands in dominant and recessive

desminopathies. Conclusions: Our findings demonstrate

that the presence of R349P mutant desmin causes a

general imbalance in skeletal muscle protein homeosta-

sis via aberrant activity of all major protein quality con-

trol systems. The augmented activity of these systems

and the subcellular shift of essential heat shock proteins

may deleteriously contribute to the previously observed

increased turnover of desmin itself and desmin-binding
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partners, which triggers progressive dysfunction of the

extrasarcomeric cytoskeleton and the myofibrillar

apparatus in the course of the development of desmino-

pathies.
Keywords: desminopathy, immortalized myoblasts, protein homeostasis, protein quality control, R349P desmin kno-

ck-in mice

Introduction

The term ‘desminopathies’ refers to a clinically heteroge-

neous group of familial and sporadic myopathies and car-

diomyopathies that are caused by mutations of the

human desmin (DES) gene on chromosome 2q35. Des-

min, the muscle-specific intermediate filament protein, is

a major component of the three-dimensional extrasar-

comeric cytoskeleton, which exerts multiple roles in the

alignment and anchorage of myofibrils, the positioning

of mitochondria and myonuclei, mechanosensation,

stress endurance and cell signalling [1–4]. The vast

majority of desminopathies follows an autosomal-domi-

nant trait of inheritance; the few autosomal-recessive

cases may be subdivided in cases with maintained

expression of mutant desmin [5–9] and others with a

complete lack of desmin [10–13]. The morphological

hallmark of desminopathies with maintained desmin

protein expression is the presence of sarcoplasmic and

subsarcolemmal desmin-positive protein aggregates in

conjunction with degenerative changes of the myofibril-

lar apparatus [1].

Molecular studies on human desminopathies are

generally hampered by the very limited amount of

available human muscle tissue specimens and the fact

that the alterations noticed in diagnostic muscle biop-

sies nearly always reflect late stages of the disease.

Moreover, diagnostic human muscle biopsies are

highly heterogeneous with regard to age, sex, biopsied

muscles and disease severity of individual patients. To

overcome these limitations, the availability of cell and

animal models closely mirroring the human disease

pathology is important. As a patient-mimicking

desminopathy model, we reported a R349P desmin

knock-in mouse model, which harbours the ortholog

of the most frequent human desmin mutation R350P.

This desminopathy model develops age-dependent des-

min-positive protein aggregation pathology, skeletal

muscle weakness, dilated cardiomyopathy as well as

cardiac arrhythmias and conduction defects [14].

However, for studies on the level of single myoblasts

and myotubes, there is still a major need for an

appropriate and reproducible desminopathy cell model.

Though human primary myoblast cultures derived from

diagnostic skeletal muscle biopsies of desminopathy

patients are available, they have the following disadvan-

tages, (i) they consist of heterogeneous mixtures of myo-

blasts and fibroblasts, (ii) the contaminating fibroblasts

become the predominant cell type after a few passages

and (iii) the myogenic cells display a limited mitotic

capacity and lifespan. Consequently, repeated muscle

biopsy sampling from patients with subsequent isolation

of muscle cells would be needed. Beyond ethical prob-

lems, this approach would also increase the inter-experi-

mental variability and thus is far from being optimal and

practical. As an alternative approach, we generated

immortalized heterozygous and homozygous R349P

desminopathy as well as wild-type myoblast cultures,

which were established by crossbreeding our R349P des-

min knock-in mouse line [14] with p53 knock-out mice

[15] followed by subsequent isolation of myoblast cells

from skeletal muscles.

Previous studies demonstrated changes in various

aspects of protein homeostasis in desminopathies and

other forms of protein aggregate myopathies (for review

see [14]). While these studies mostly addressed single

aspects of protein quality control systems, the here pre-

sented study provides a comprehensive analysis of the

ubiquitin-proteasome system, bulk autophagy, chaper-

one-assisted selective autophagy (CASA) and heat

shock protein levels and their intracellular localization

in our newly generated heterozygous and homozygous

immortalized desminopathy myoblasts in conjunction

with skeletal muscle tissue from the respective

desminopathy mice.

Materials and Methods

Animals

In the present study, we used 3-month-old (unless sta-

ted otherwise) hetero- and homozygous R349P
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(c.1045_1047delAGG>insCCC) desmin knock-in mice

B6J.129Sv-Destm1.1Ccrs (http://www.informatics.jax.org/

allele/MGI:5708562) [14] and their wild-type siblings

as well as p53 knock-out mice B6.129S2-Trp53tm1Tyj

(http://www.informatics.jax.org/allele/MGI:1857263)

[15]. Mice were handled in accordance with the Ger-

man Animal Welfare Act (Tierschutzgesetz) as well as

the German Regulation for the protection of animals

used for experimental purposes or other scientific pur-

poses (Tierschutz-Versuchstierverordnung). All investi-

gations were approved by the governmental office for

animal care [Landesamt f€ur Natur, Umwelt und Ver-

braucherschutz North Rhine-Westphalia, Reckling-

hausen, Germany (reference numbers 84-02.04.2014.

A262 and 84-02.05.40.14.057); Regierung von Mittel-

franken, Ansbach, Germany (reference number TF-14/

2015)].

Generation and cultivation of immortalized
myoblasts

For the generation of immortalized myoblast cell lines

according to [16], homozygous R349P desmin knock-

in mice [14] were cross-bred with homozygous p53

knock-out mice [15] to generate offspring double-

heterozygous for the R349P desmin knock-in and p53

knock-out alleles. These mice were further mated to

obtain offspring with the following genotypes for the iso-

lation of skeletal muscle myoblasts, homozygous R349P

desmin knock-in and homozygous p53 knock-out, het-

erozygous R349P desmin knock-in and homozygous

p53 knock-out, wild-type desmin and homozygous p53

knock-out alleles.

Myoblast isolation was performed according to a

protocol modified from [17,18]. De-skinned soleus

muscles from 8-week-old mice were enzymatically dis-

sociated in 6 ml enzyme solution (0.2% of collage-

nase I in DMEM) for 1.5–2 h at 37°C and gentle

agitation. The digested tissue was poured into a

55 mm cell culture dish containing 6 ml pre-warmed

DMEM, and single muscle fibres were released by

gentle trituration with a Pasteur pipette. Cell culture

dishes and glass pipettes were pre-flushed with 10%

of horse serum in DMEM. Once 20–30 intact fibres

were separated, the muscle bulk was transferred to a

fresh dish. The previous dish, containing separated

fibres and debris, was stored in the incubator at

37°C and 5% of CO2. The fibre separation cycle was

repeated until sufficient numbers of fibres had been

dissociated from the muscle. The intact muscle fibres

were then separated from the debris by transferring

them in a Pasteur pipette to a dish, which had been

coated with Matrigel (diluted 1:100 in DMEM; BD

Biosciences, Franklin Lakes, New Jersey, USA). The

plated fibres were allowed to settle and attach for

3 min to the Matrigel substrate, and then 1 ml plat-

ing medium (DMEM containing 10% of horse serum

and 0.5% of chicken embryo extract) was slowly

added to each dish. Plates were returned to the incu-

bator at 37°C and 5% of CO2 for 24 h to allow the

growth of skeletal muscle myoblasts dissociating from

the isolated muscle fibres. Myoblasts were split, pre-

plated on uncoated culture dishes for up to 2 h in

order to remove contaminating fibroblasts (a proce-

dure performed at every splitting), and finally culti-

vated in Ham’s F10 medium supplemented with 20%

of foetal calf serum, 2.5 ng/ml basic fibroblast growth

factor (Promega, Madison, Wisconsin, USA), 50 U/ml

penicillin and 50 lg/ml streptomycin on collagen-

coated (0.01% of collagen in PBS) culture dishes. To

induce differentiation, growth medium was exchanged

by differentiation medium (DMEM containing 5% of

horse serum, 50 U/ml penicillin and 50 lg/ml strep-

tomycin). The R349P desmin knock-in and p53

knock-out genotypes of each myoblast culture were

verified by PCR. Immortalized myoblast cell lines with

passage numbers of up to 40 were used for the

experiments.

Antibodies

The following primary antibodies were used for immun-

odetection:

• desmin (both wild-type and mutant desmin, ‘total’

desmin), mouse monoclonal, 1:1000 in PBS-T for

immunoblotting, 1:100 in PBS for immunofluores-

cence microscopy, clone D33, Dako/Agilent, Santa

Clara, California, USA

• desmin (‘total’ desmin), rabbit monoclonal, 1:100 in

PBS for immunofluorescence microscopy, #5332, Cell

Signalling, Danvers, Massachusetts, USA

• R349P point-mutant desmin, rabbit polyclonal,

1:1000 in PBS-T for immunoblotting, [14]

• GAPDH, rabbit polyclonal, 1:10 000 in PBS-T for

immunoblotting, G9545, Sigma-Aldrich, St. Louis,

Missouri, USA

© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd

on behalf of British Neuropathological Society

Protein homeostasis in desminopathy 3

http://www.informatics.jax.org/allele/MGI:5708562
http://www.informatics.jax.org/allele/MGI:5708562
http://www.informatics.jax.org/allele/MGI:1857263


• a-actinin 2 (sarcomeric a-actinin), mouse mono-

clonal, 1:700 in PBS for immunofluorescence micro-

scopy, A7732, Sigma-Aldrich

• ubiquitin, rabbit polyclonal, 1:1000 in PBS-T for

immunoblotting, ab7780, Abcam, Cambridge, UK

• 19S proteasome subunit 4 (Rpt2), rabbit polyclonal,

1:1000 in PBS-T for immunoblotting, #09-280,

Upstate/Fisher Scientific, Hampton, New Hampshire,

USA

• actin, mouse monoclonal, 1:1000 in PBS-T for

immunoblotting, A4700, Sigma-Aldrich

• light chain 3B (LC3B), rabbit monoclonal, 1:100 in

PBS for immunofluorescence microscopy, 1:1000 in

PBS-T for immunoblotting, #3868, Cell Signalling

• ULK1, rabbit polyclonal, 1:500 in PBS-T for

immunoblotting

• sequestosome 1 (SQSTM1)/p62, rabbit polyclonal,

1:3000 in PBS-T for immunoblotting, P0067, Sigma-

Aldrich

• filamin-C, rabbit polyclonal, 1:10 000 in PBS-T for

immunoblotting, d16-20, kindly provided by D. F€urst,

Bonn, Germany [19]

• BAG-3, rabbit polyclonal, 1:3000 in PBS-T for

immunoblotting, 10599-1-AP, Proteintech, Manche-

ster, UK

• aB-crystallin, rabbit polyclonal antibody, 1:1,000 in

PBS-T for immunoblotting, SPA-223, Stressgen/Enzo

Life Sciences, L€orrach, Germany

• aB-crystallin, rabbit polyclonal antibody, 1:250 for imm-

unoelectron microscopy, SMC 1653A10, StressMarq

Biosciences, Victoria, British Columbia, Canada

• aB-crystallin, rabbit polyclonal antibody, 1:400 for

immunoelectron microscopy, SR 223F, MBL,

Woburn, Massachusetts, USA

• Hsp27, rabbit polyclonal antibody, 1:1000 in PBS-T

for immunoblotting, ab12351, Abcam

• Hsp27, rabbit polyclonal antibody, 1:250 for immu-

noelectron microscopy, SMC 1615D12, StressMarq

Biosciences

• Hsp27, rabbit polyclonal antibody, 1:200 for immu-

noelectron microscopy, SR B800, MBL

• Hsp90 (total), rabbit monoclonal, 1:1000 in PBS-T

for immunoblotting, 1:400 for immunoelectron

microscopy, #4877, Cell Signalling

• Hsp90-alpha, rabbit polyclonal, 1:500 for immuno-

electron microscopy, Pineda [20]

• titin (PEVK domain), mouse monoclonal, 1:200 for

immunoelectron microscopy, #9D10, Developmental

Studies Hybridoma Bank, University of Iowa, Iowa

City, Iowa, USA.

Secondary antibodies were HRP-conjugated (Biorad,

Hercules, California, USA) for immunoblot analyses,

donkey anti-mouse IgG Alexa Fluor 555, goat anti-

mouse IgG Alexa Fluor 488, donkey anti-rabbit IgG

Alexa Fluor 488 and goat anti-rabbit IgG Alexa Fluor

555 (Life Technologies, Carlsbad, California, USA) as

well as anti-rabbit IgG Cy3 and anti-mouse IgG FITC

(Rockland Immunochemicals, Limerick, Pennsylvania,

USA) for immunofluorescence imaging, and anti-rabbit/

mouse IgG F(ab0)2 Gold 1.4 nm (Nanoprobes, Stony

Brook, New York, USA) for immunoelectron micro-

scopy.

Preparation of tissue and cell lysates for SDS-PAGE

Dissected muscles (gastrocnemius and soleus) were

snap frozen in liquid nitrogen, ground in a mortar, and

taken up in lysis buffer [5 mM Tris–HCl pH 6.8, 10%

of SDS, 0.2 M DTT, 1 mM EDTA, 100 mM NaF,

50 mM b-glycerophosphate, 2 mM Na3VO4, 1 mM

PMSF, Complete mini protease inhibitor cocktail

(Roche, Basel, Switzerland)] according to [17]; per

10 mg of muscle, 100 ll of the buffer were used.

Homogenization was performed using a Dounce tissue

grinder. The homogenate was centrifuged for 10 min

at 10 000 g, the supernatant was mixed with 69 SDS

sample buffer (500 mM Tris–HCl pH 6.8, 600 mM

DTT, 10% SDS, 0.1% of Bromophenol-blue, 30% of

glycerol), incubated at 95°C for 5 min and stored at

�20°C (protocol modified from [21]).

Cells were directly scraped off in 69 SDS sample buf-

fer, DNA sheared by pressing the lysates through a 27-

gauge needle, and samples were incubated for 5 min at

95°C and stored at �20°C. For proteasome inhibition

prior to cell lysis, the differentiation medium was supple-

mented with 10 lM MG132 (Sigma-Aldrich) overnight.

Immunofluorescence microscopy of myoblasts,
isolated muscle fibres and skeletal muscle
cryo-sections

Myoblasts were fixed in formaldehyde solution prepared

from 4% of paraformaldehyde in PBS, permeabilized

with 0.1% of Triton X-100 and immunostained as

described [22]. Soleus muscle fibres and cryostat sec-

tions of 5 lm thickness were prepared according to
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[23,24] and [14], respectively, and processed for

immunostaining using the Mouse on Mouse (M.O.M.)

Basic Kit (Vector Laboratories, Burlingame, California,

USA) as described in detail in [25]. Microscopy was

performed using a LSM780 fluorescence laser scanning

microscope (Carl Zeiss, Jena, Germany) equipped with a

Plan-Apochromat 639 1.4NA objective lens.

Immunofluorescence microscopy of skeletal muscle
paraffin-sections

Samples from stretched soleus muscles were fixed in

formaldehyde solution prepared from 4% of

paraformaldehyde and 15% of saturated picric acid in

PBS overnight at 4°C, dehydrated via ascending etha-

nol series, and embedded in paraffin. Sections of 5 lm
were prepared with a RM 2235 microtome (Leica,

Mannheim, Germany), rehydrated and blocked in per-

oxidase blocking buffer. A citrate-EGTA antigen recov-

ery protocol was performed [20], slides were rinsed

with PBS and blocked with 5% of bovine serum albu-

min containing 0.5% of Triton X-100 for 60 min. Sub-

sequently, sections were incubated with primary and

secondary antibodies each overnight at 4°C; stained

samples were embedded in Mowiol supplemented with

N-propyl-gallate (#02370; Sigma-Aldrich) to reduce

photobleaching and analysed by confocal laser scan-

ning microscopy (Eclipse Ti; Nikon, Minato, Tokio,

Japan) using a 639 oil Plan-Apochromat objective.

Analysis of proteasomal activity

The trypsin-like proteasomal activity of soleus muscles

was determined as described in detail in [26].

Ultrastructural analysis

Transmission electron microscopy was performed as

described in [27]. Briefly, soleus muscle samples

were fixed in fixation buffer (4% of paraformalde-

hyde, 15% of saturated picric acid and 0.5% of glu-

taraldehyde in 0.1 M phosphate buffer pH 7.4)

overnight at 4°C. After rinsing in PBS, sections were

treated with 0.5% of OsO4, washed and counter-

stained with uranyl acetate, dehydrated via ethanol

series and embedded in Durcupan resin (Fluka/

Sigma-Aldrich). Ultrathin sections were prepared

(Ultracut S; Leica) and examined with a Zeiss LEO

906E or Zeiss LEO 910 electron microscope (Carl

Zeiss GmbH, Oberkochen, Germany).

Immunoelectron microscopy

Formaldehyde (4% of paraformaldehyde in PBS) fixed

soleus muscle samples were cut into longitudinal

50 lm thick sections using a VT 1000S vibratome

(Leica), rinsed twice in PBS, blocked for 1 h in 20% of

normal goat serum, and incubated overnight at 4°C

with primary antibodies diluted in PBS supplemented

with 5% of normal goat serum. The sections were then

triple-washed with PBS and incubated overnight at 4°C

with 1.4 nm gold-coupled secondary antibodies

(Nanoprobes, Yaphank, New York, USA). After exten-

sive washing, sections were post-fixed in 1% of glu-

taraldehyde for 10 min and, after rinsing, sections

reacted with the HQ Silver kit (Nanoprobes). After

treatment with OsO4, samples were counterstained with

uranyl acetate in 70% of ethanol, dehydrated and

embedded in Durcupan resin (Fluka/Sigma-Aldrich).

Ultrathin sections were prepared from resin blocks with

an Ultracut R device (Leica) and adsorbed on glow-dis-

charged Formvar-carbon-coated copper grids. Micro-

scopy was performed on a LEO 910 electron

microscope (Carl Zeiss GmbH).

Data analysis and figure preparation

Data analysis and statistical evaluation were performed

using Excel 2016 (Microsoft, Redmond, Washington,

USA); the number of experiments is indicated in the fig-

ure legends; data are given as mean � SEM; P-values

were calculated by Student’s t-test (heterozygous vs.

wild-type or homozygous vs. wild-type values) and are

*<0.05, **<0.01, and ***<0.001, if not indicated

otherwise. Final assembly and preparation of all figures

for publication was done using Corel Draw Graphics

Suite X7 (Corel, Austin, Texas, USA).

Results

From R349P desmin knock-in mice to an
immortalized myoblast culture model for
desminopathies

To establish a disease-mimicking muscle cell model for

desminopathies, we cross-bred our previously reported
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R349P desmin knock-in mouse line (B6J.129Sv-

Destm1.1Ccrs) [14] with p53 knock-out mice (B6.129S2-

Trp53tm1Tyj) [15]. The rationale for this approach was

that the targeted knock-out of the tumour suppressor

p53 is an experimental strategy to overcome the Hay-

flick limit of primary myoblasts. Freshly prepared gas-

trocnemius and soleus muscles from offspring with the

following three genotypes, homozygous R349P desmin

knock-in/homozygous p53 knock-out, heterozygous

R349P desmin knock-in/homozygous p53 knock-out

and wild-type desmin/homozygous p53 knock-out were

used for the generation of myoblast cultures, which

subsequently underwent purification from fibroblasts

(Figure 1A). Immunoblot analysis of total protein

extracts derived from myoblast cultures that were dif-

ferentiated into myotubes displayed desmin expression

levels corresponding to the ones observed in skeletal

muscle tissue from the desminopathy mice, including

drastically reduced amounts of desmin protein in the

homozygous R349P desmin knock-in samples

(Figure 1B,D). Furthermore, immunostains revealed

incomplete a-actinin and absent desmin cross-striated

patterns in homozygous differentiated myotubes as

compared to both wild-type and heterozygous cells (Fig-

ure 1C). Similarly, isolated skeletal muscle fibres in the

homozygous R349P desmin knock-in mice showed an

out-of-register a-actinin signal and the absence of the

desmin cross-striation pattern (Figure 1E). Both,

homozygous myotubes and isolated fibres displayed

markedly reduced desmin protein levels and the pres-

ence of small, desmin-positive protein aggregates (Fig-

ure 1C,E).

Mutant desmin and the proteasome

To characterize the state of the protein quality con-

trol systems in response to the presence of R349P

mutant desmin, we first analysed the trypsin-like pro-

teasomal activity in soleus muscle lysates derived

from heterozygous and homozygous mice as well as

wild-type siblings. This analysis revealed 1.23-fold

and 1.47-fold increases in hetero- and homozygous

R349P desmin knock-in samples, respectively (Fig-

ure 2A). In keeping with an increased proteasomal

activity in both desminopathy genotypes, analysis of

the ubiquitination pattern showed decreased amounts

of ubiquitinated proteins in muscle lysates from het-

ero- and homozygous mice (Figure 2B). To address

the issue whether wild-type or R349P mutant desmin

protein levels are influenced by the activity of the

proteasome, we applied our newly generated immor-

talized myoblast model by treating myoblasts over-

night with 10 lM of the proteasome inhibitor

MG132. Here, desmin immunoblotting revealed no

obvious differences between MG132- and mock-trea-

ted myotubes (Figure 2C).

Mutant desmin and the autophagic system

In a second step, we focused on the autophagic system

in skeletal muscle tissue and differentiated myotubes

derived from our desminopathy disease models.

Cryosections of soleus muscles derived from hetero- and

homozygous R349P desmin knock-in mice and wild-

type sibling were double-immunolabelled using

Figure 1. From R349P desmin knock-in mice to an immortalized myoblast culture model for desminopathies. (A) Schematic drawing

depicting the p53 knock-out mediated generation of immortalized myoblast cultures (desmin intermediate filament network in green,

nuclei in blue) derived from gastrocnemius and soleus muscles of heterozygous and homozygous R349P desmin knock-in mice as well as

wild-type littermates. (B) Expression of wild-type and R349P mutant desmin protein in 10 day differentiated myotubes of all three

genotypes. The upper lane depicts the level of total desmin protein, whereas the middle lane solely visualizes the signal of the R349P

mutant using a mutation-specific antibody [14]. Note the markedly decreased amount of desmin in the homozygous condition. GAPDH,

loading control. (C) a-actinin (red) and desmin (green) immunostains of 10 day differentiated wild-type, heterozygous and homozygous

R349P desmin knock-in myotubes. The pictures illustrate desmin intermediate filament networks that had not reached their full

maturation as depicted by the lack of any clear cross-striation pattern. Note the markedly reduced desmin protein level and presence of

small, desmin-positive protein aggregates in the homozygous cells as well as the absence of a cross-striated pattern in the a-actinin
immunostain. (D) Expression of wild-type and R349P mutant desmin protein in skeletal muscle tissue from heterozygous and

homozygous R349P desmin knock-in mice as well as wild-type littermates. Protein levels of total and R349P desmin protein as in (B).

(E) a-actinin and desmin immunostains of isolated, teased muscle fibres derived from soleus muscles from desminopathy mice of all three

genotypes. Note the out-of-register a-actinin signal pattern in homozygous fibres indicating severe disturbances in the lateral alignment

of neighbouring myofibrils (arrowheads). The desmin stain denotes the markedly reduced desmin protein level, the absence of a regular

cross-striation pattern and the presence of desmin-positive protein aggregates.
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antibodies directed against desmin and the micro-

tubule-associated protein LC3B. Here, wild-type and

heterozygous specimens displayed virtually no LC3B

immunoreactivity, whereas multiple muscle fibres from

homozygous mice showed small foci or larger sar-

coplasmic areas with LC3B reactivity. However, only a
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small proportion of these LC3B-positive foci and sar-

coplasmic areas also stained positive for desmin (Fig-

ure 3A). On the ultrastructural level, multiple small

and large autophagic vacuoles were present in multiple

muscle fibres from the soleus muscle specimens derived

from homozygous, but not in samples from heterozy-

gous R349P desmin knock-in mice and wild-type sib-

lings (Figure 3B). The electron microscopy findings

were further corroborated on the biochemical level by

markedly increased protein levels of the serine/thre-

onine protein kinase ULK1 and SQSTM1/p62 in soleus

muscle from homozygous R349P desmin knock-in mice

(Figure 3C,D). Corresponding analyses of 10 day differ-

entiated myotubes also showed an increased level of

SQSTM1/p62 in both homozygous and heterozygous

cells (Figure 3E,F). Furthermore, in both genotypes the

band corresponding to LC3-II (lower band; autophago-

some membrane-bound form) was markedly elevated

(Figure 3E,G). Subsequently, we examined the protein

levels of filamin-C and BAG-3, both of which are essen-

tial components of the CASA system [28], in soleus

muscle tissue and 10 day differentiated myotubes

derived from hetero- and homozygous R349P desmin

knock-in mice as well as wild-type siblings. While the

protein levels of filamin-C and BAG-3 were markedly

increased only in homozygous soleus muscle tissue

(Figure 4A,B), they were more abundant compared to

wild-type in both hetero- and homozygous desminopa-

thy myotubes (Figure 4C,D).

Mutant desmin and the heat shock response

To assess whether the levels of heat shock proteins

are altered in our desmin mutant mice, skeletal mus-

cle lysates from hetero- and homozygous mice as well

as wild-type siblings were analysed by immunoblotting

using antibodies directed against aB-crystallin (syn-

onym: HspB5), Hsp27 (synonyms: Hsp25, HspB1) and

Hsp90. While the levels of all three heat shock pro-

teins were in similar ranges in wild-type and heterozy-

gous animals, their signal intensities in homozygous

animals were markedly higher (Figure 5A,B). Corre-

sponding analyses in 10 day differentiated desminopa-

thy myotubes also showed elevated protein levels of

aB-crystallin and Hsp27 in both heterozygous and

homozygous cells, but not of Hsp90, which remained

unchanged as compared to wild-type cells (Figure 5C,

D).

Figure 2. Proteasomal activity, ubiquitination pattern and the

effect of proteasomal inhibition on wild-type and mutant desmin

protein levels. (A) In comparison to wild-type soleus muscle (set to

1), hetero- as well as homozygous tissue samples showed an

increase of the relative trypsin-like proteasomal activity. Muscles

from two animals per genotype were analysed in six different

experiments out of which ten values per genotype were obtained.

(B) Ubiquitination pattern of equal amounts of total protein extracts

from soleus muscles of heterozygous and homozygous R349P

desmin knock-in mice as well as wild-type littermates. Note the

overall decreased signal intensity of ubiquitinated proteins in

hetero- and homozygous samples. 19S proteasome subunit 4 and

GAPDH immunoblotting for control. (C) Effect of MG132

proteasome inhibition on the levels of wild-type and mutant desmin

in cultured myoblasts. Though five independent experiments

resulted in a stronger signal of the desmin band in heterozygous

cells, the main finding is that MG132 treatment did not lead to any

significant change in the amount of desmin in MG132 treated vs.

non-treated myoblasts. Actin and GAPDH, loading controls.
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Translocation of heat shock proteins to the level of
sarcomeric I-bands

We recently demonstrated that aB-crystallin, Hsp27

and Hsp90 associate with I-band titin in various

forms of human myopathies with and without evi-

dence of abnormal protein aggregation [20,29]. To

address this issue in our desminopathy mouse model,

we performed corresponding immunogold electron

microscopic analyses in homozygous and immunofluo-

rescence imaging analyses in hetero- and homozygous

animals compared to wild-type littermates. In the

wild-type, our ultrastructural analyses of aB-crystallin
and Hsp27 immunogold labelling denoted a strong

enrichment of both small heat shock proteins at Z-

discs, whereas Hsp90 was predominantly present at

the level of Z-I junctions (Figure 6, left column). In

contrast, both small heat shock proteins in homozy-

gous desmin mice were found to be present at the

level of I-bands with no significant immunolabelling of

Z-discs. Furthermore, although to a lesser extent,

Hsp90 also showed a predominant localization to sar-

comeric I-bands (Figure 6, middle and right columns).

Double-immunofluorescence stains of the PEVK-titin

epitope in conjunction with either aB-crystallin,
Hsp27, or Hsp90 further confirmed the translocation

of all three heat shock proteins to the level of sarcom-

eric I-bands, both in homozygous as well as heterozy-

gous R349P desmin knock-in mice as compared to

the wild-type (Figure 7).

Discussion

In the present study, we exploited our newly generated

immortalized muscle cell models in conjunction with

the corresponding mouse models for dominant and

recessive desminopathies to analyse pivotal protein

quality control processes in the presence of R349P

mutant desmin.

Mutant desmin and the proteasome

The proteasome hydrolyses intracellular proteins into

small peptides, thus regulating protein turnover and

removal of misfolded and poly-ubiquitinated proteins

[30,31]. First, we analysed the trypsin-like proteasomal

activity in skeletal muscle tissue, which revealed an

increased enzymatic activity in heterozygous and

homozygous R349P desmin knock-in mice. Second,

our analysis of the ubiquitination pattern in differenti-

ated myotubes revealed decreased amounts of ubiquiti-

nated proteins in both desminopathy genotypes. Third,

upon MG132-mediated proteasome inhibition, the pro-

tein levels of R349P mutant and wild-type desmin

remained constant. Thus, our results suggest that

R349P mutant desmin increases the overall activity of

the ubiquitin-proteasome system. However, our MG132

experiments did not provide evidence that wild-type or

R349P mutant desmin levels are influenced by the

abolished proteasomal activity. In contrast, a previous

study reported that the overexpression of p.Arg173

Glu179del mutant desmin in cultured neonatal rat

ventricular myocytes not only led to the formation of

desmin-positive protein aggregates, but inhibited the

function of the ubiquitin-proteasome system in a dose-

dependent manner [32]. Another study in cardiac tis-

sue of the transgenic Destg p.Arg173_Glu179del desminopa-

thy mouse model [33], which had been crossed with a

transgenic mouse model expressing the GFPdgn ubiqui-

tin-proteasome system reporter substrate [34] resulting

in Destg p.Arg173_Glu179del/GFPdgntg mice [35], reported

that the overexpression of p.Arg173_Glu179del mutant

desmin also increased the proteasomal activity; how-

ever, it also led to higher levels of ubiquitinated pro-

teins. Here, the authors concluded that the entry of

ubiquitinated proteins into the 20S core proteasome is

compromised by the mutant desmin [35]. Other recent

studies reported that the normal desmin cytoskeleton is

ubiquitinated and disassembled by Trim32 followed by

degradation involving the VCP/p97 ATPase [36], and

that misfolded desmin prior to aggregate formation is

recognized and guided to proteasomal degradation by

the MTM1-UBQLN2 complex [37]. Since the individual

study findings are directly influenced by the different

types of myogenic cells and striated muscle tissues

used, the respective mutation status – missense vs. dele-

tion mutation vs. no mutation – as well as the different

expression levels of the mutant desmin proteins (knock-

in expression vs. transgenic overexpression), the diver-

gent results cannot conclusively be reconciled at pre-

sent.

Mutant desmin and the macroautophagy

The second major cellular system for the removal of

misfolded and poly-ubiquitinated proteins is the

© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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autophagy-lysosome system [38,39]. Our key findings

in the analysis of macroautophagy were increased

LC3B immunoreactivity, ultrastructural evidence of

abundant autophagic vacuoles, and increased protein

levels of the ULK1 initiator of and the SQSTM1/p62

receptor for autophagy [40] in skeletal muscle tissue

derived from homozygous R349P desmin knock-in

mice. Notably, the increased levels of SQSTM1/p62 and

LC3B-II, the active membrane bound form of LC3B,

were noted in differentiated heterozygous and homozy-

gous R349P desmin knock-in myotubes. Experimental

evidence for augmented macroautophagy in desmino-

pathies was also provided by a study using the above

mentioned Destg p.Arg173_Glu179del mouse strain cross-

bred with a transgenic autophagy reporter mouse

model expressing a GFP-LC3 fusion protein [41]. Here,

expression of the desmin deletion mutant led to an

increased autophagic flux associated with an increased

expression of SQSTM1/p62 [42]. Even more important,

several studies on human skeletal muscle from patients

with different heterozygous desmin mutations described

by means of light and electron microscopy displayed

increased numbers of autophagic vacuoles, which are

the morphological hallmark of an increased autophagic

build-up [43–45]. Together, the overall findings in

human biopsy specimens as well as in various

desminopathy disease models clearly demonstrate that

the presence of mutant desmin protein variants leads

to an induction of macroautophagy.

Mutant desmin and the CASA

In striated muscle tissue, a specific form of autophagy,

the so-called CASA, has an essential role in the degra-

dation of damaged Z-disc structures [40,46,47]. Our

immunoblots showed markedly increased protein levels

of BAG-3 and filamin-C in both desminopathy skeletal

muscle tissue and differentiated myotubes. While these

findings clearly indicate an aberrant regulation of the

CASA machinery inflicted by the presence of R349P

mutant desmin, the exact meaning of a combined

increase of BAG-3 and filamin-C levels is currently

unclear [47].

Mutant desmin and the heat shock response

aB-crystallin and Hsp27 belong to the family of small

heat shock proteins and exert essential roles in protect-

ing cells against various forms of stress including heat

shock, oxidative, osmotic and mechanical stress. These

multifunctional proteins recognize unfolded proteins

and prevent their aggregation [48]. Previous analyses

demonstrated that aB-crystallin and Hsp27 directly

bind to desmin [49,50], and that both proteins are sig-

nificantly accumulated in protein aggregates of striated

muscle biopsy specimens from human desminopathy

patients [1,45,51]. Recent work further showed that

aB-crystallin serves as an assembly chaperone, which

has a sensor function for the surface topology of des-

min filaments forming from wild-type and mutated des-

min [52].

Our immunoblot analysis showed increased levels of

aB-crystallin and Hsp27 in skeletal muscle tissue

derived from homozygous R349P desmin knock-in mice

as well as in hetero- and homozygous desminopathy

myotubes. Further, our immunogold electron and

immunofluorescence microscopic analyses revealed that

the increased levels of both heat shock proteins are

coupled with distinct changes in their sarcomeric local-

ization. While normal murine skeletal muscle displayed

Figure 3. Effects of R349P mutant desmin on the autophagic system in skeletal muscle tissue and differentiated myotubes. (A) Double-

immunostains of soleus muscles using antibodies directed against desmin (red) and light chain 3B (LC3B) (green). While wild-type and

heterozygous specimens displayed virtually no LC3B immunoreactivity, multiple muscle fibres derived from homozygous mice showed

small foci or larger sarcoplasmic areas with LC3B reactivity. (B) Electron micrograph depicting a classical autophagic vacuole containing

a myelin-like body in the subsarcolemmal area of a homozygous R349P desmin knock-in muscle fibre. (C) Immunoblot addressing the

amounts of the autophagy markers ULK1 and sequestosome 1 (SQSTM1)/p62, which are significantly increased in homozygous muscle

tissue. GAPDH as loading control. (D) Densitometry analysis of the band intensities of ULK1 and SQSTM1/p62 immunoblots (three of

each) normalized to the total protein content per line as determined by separate Coomassie brilliant blue stained gels (not shown).

(E) SQSTM1/p62 and LC3B immunoblot analysis of differentiated myotubes of all three genotypes. Note the increased SQSTM1/p62

signal intensity and the presence of LC3B-II in hetero- and homozygous myotubes. GAPDH as loading control. (F) Densitometry analysis

of SQSTM1/p62 band intensities from three different immunoblots normalized to the total protein content per line as determined by

separate Coomassie brilliant blue stained gels (not shown). (G) Relative amounts of LC3B-II/LC3B-I based on the densitometry analysis of

their respective signal intensities in three different immunoblots.
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a strong enrichment of aB-crystallin and Hsp27 at Z-

discs, they both were predominantly present at the

level of I-bands in close proximity to the PEVK-titin epi-

tope in skeletal muscle of hetero- and homozygous

R349P desmin knock-in mice. Beyond a crucial role in

the organization of the three-dimensional desmin

intermediate filament cytoskeleton itself, our findings

further highlight the notion that aB-crystallin and

Hsp27 display aberrant sarcomeric localization pattern

in stressed as well as diseased striated muscle that

clearly differs from the ones observed in normal skeletal

muscle. Similar to the results observed in our

desminopathy mouse models, analyses of adult zebra-

fish myocardium exposed to hyperthermia and

mechanical stretching [53] as well as of human skele-

tal muscle samples derived from patients with myopa-

thies with or without evidence of abnormal protein

aggregation [20,29] revealed a translocation of both

small heat shock proteins from a localization at Z-bands

to the level I-band titin.

We also observed a sarcomeric translocation of the

ATP-dependent chaperone Hsp90, which modulates

myofibril organization and myosin assembly [54–58],

from the level of Z-I junctions to sarcomeric I-bands in

the murine desminopathy skeletal muscle tissue. Thus,

our findings complement previously published work,

which showed an identical translocation of Hsp90 in

diseased human and murine skeletal muscle tissue

[20]. Methylation of Hsp90 by the methyltransferase

Smyd2 results in the binding of Hsp90 to the N2A ele-

ment of I-band titin, which has been implicated to have

a stabilizing effect on the myofibrillar Z-disc/I-band

structure [59,60].

The increased levels of aB-crystallin and Hsp27

along with the observed myofibrillar translocation of all

three heat shock proteins strongly indicate that these

molecular chaperones exert a critical role in protecting

and stabilizing the myofibrillar Z-disc/I-band structure

in mechanically stressed [61] and diseased [20] striated

muscle tissue. Notably, recent studies reported that sar-

comere stretching leads to the unfolding of previously

concealed hydrophobic titin Ig domains in the I-band

[62]. Since aB-crystallin and Hsp27 preferentially bind

to these elastic titin springs in I-bands [29], it was pos-

tulated that this binding may lower the risk of irre-

versible aggregation of this particular sarcomere

structure. Beyond mere pathophysiological significance,

this notion is also of interest in defining novel thera-

peutic concepts for desminopathies and other forms of

protein aggregate myopathies. In this context, it is

noteworthy that the pharmacological induction of

Hsp27 protein levels by geranylgeranylacetone [63],

the overexpression of aB-crystallin [32] as well as the

drug treatment with the chemical chaperone 4-

Figure 4. Expression profiles of the chaperone-assisted selective

autophagy-related proteins filamin-C and BAG-3. Immunoblots

addressing the levels of filamin-C and BAG-3 in R349P desmin

knock-in muscle tissue (A) and differentiated myotubes (C).

a-actinin and GAPDH as loading controls. (B and D)

Corresponding densitometry analysis of the band intensities from

seven (filamin-C) and four (BAG-3) different immunoblots of each

expression analysis normalized to the total protein content per

line as determined by separate Coomassie brilliant blue stained

gels (not shown). Note the significantly increased levels of filamin-

C and BAG-3 in both settings.
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phenylbuturic acid [17], all resulted in a reduction of

desmin protein aggregation pathology and in an

improvement of the striated muscle morphology and

function in disease models for aB-crystallinopathies,

desminopathies and plectinopathies [17,32,64]. While

the positive treatment effects on the protein aggrega-

tion pathology may primarily be attributed to the chap-

erone activities of aB-crystallin and Hsp27 on the

Figure 5. Expression profiles of heat shock proteins. Immunoblots addressing the levels of the small heat shock proteins aB-crystallin
and Hsp27 as well as Hsp90 in R349P desmin knock-in muscle tissue (A) and differentiated myotubes (C). GAPDH as loading control.

(B and D) Corresponding densitometry analysis of the band intensities from three different immunoblots of each expression analysis

normalized to the total protein content per line as determined by separate Coomassie brilliant blue stained gels (not shown). Note the

increased and seemingly unchanged levels of all three heat shock proteins in homozygous and heterozygous muscle tissue, respectively.

The pattern in myotubes is more complex; here, aB-crystallin is upregulated in both genotypes, Hsp27 only in the homozygous condition,

and Hsp90 shows no regulation.
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Figure 6. Immunogold localization of heat shock proteins. (Left and middle column) Nanogold-labelled immunoelectron micrographs and

higher-power magnification insets depicting the sarcomeric localization of aB-crystallin, Hsp27 and Hsp90 in skeletal muscle tissue

derived from homozygous R349P desmin knock-in mice and wild-type littermates. (Right column) Quantitation of the nanogold particle

distribution. The number of gold particles was counted in 40 different 30 lm2-sized regions-of-interest of two muscle specimens derived

from two animals per genotype. The stacked column charts indicate the relative distribution of gold particles in percent on the level of

sarcomeric I-bands (I-band) or elsewhere in the sarcomeric region (not I-band). aB-crystallin (values homozygote vs. wild-type): total

number of gold particles, 2712 vs. 938; mean number on I-band, 47 vs. 6; mean number not on I-band, 21 vs. 18; statistical

significance, P = 3 9 10�20. Hsp27 (values homozygote vs. wild-type): total number of gold particles, 2609 vs. 1091; mean number on

I-band, 56 vs. 7; mean number not on I-band, 10 vs. 20; statistical significance, P = 4 9 10�37. Hsp90 (values homozygote vs. wild-

type): total number of gold particles, 1678 vs. 1331; mean number on I-band, 26 vs. 11; mean number not on I-band, 16 vs. 23;

statistical significance, P = 7 9 10�13. Note the strong enrichment of aB-crystallin and Hsp27 at Z-discs in normal skeletal muscle and

their prominent translocation to sarcomeric I-bands in homozygous desminopathy mice. Moreover, Hsp90, which predominantly localized

at the level of Z-I junctions in normal muscle, also shows a relocalization to sarcomeric I-bands.
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desmin filament system, it is tempting to speculate that

the functional improvement, i.e. the increased muscle

strength, may result from the here reported sarcomeric

translocation of both small heat shock proteins. This

hypothesis is further supported by another study show-

ing that exogenous aB-crystallin reduced desmin and

titin degradations in myofibrillar extracts and attenu-

ated l-calpain (calpain-1 catalytic subunit and calpain

Figure 7. Immunofluorescence analysis of heat shock proteins. Double-immunofluorescence stains in soleus muscle tissue derived from

heterozygous and homozygous R349P desmin knock-in mice as well as wild-type littermates using antibodies directed against the PEVK-

titin epitope (in red) and either aB-crystallin, Hsp27 or Hsp90 (each in green). Note that the translocation of all three heat shock

proteins to the level of sarcomeric I-bands closely mirrors the immunogold results.
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small regulatory subunit 1) activity, which is impli-

cated in the cleavage and degradation of the three-

dimensional desmin intermediate filament system [65].

Thus, the markedly increased levels of both small heat

shock proteins in desminopathies and other forms of

protein aggregate myopathies are likely to reflect a

heightened demand of these two molecular chaperones,

both in the desmin intermediate filament as well as in

the myofibrillar compartments.

In conclusion, our data revealed that R349P mutant

desmin causes a general imbalance in all major protein

quality control systems. The increased activity of these

systems in conjunction with the sarcomeric transloca-

tion of heat shock proteins may be responsible for the

previously observed increased turnover of desmin as

well as desmin-binding partners [14], which triggers

progressive dysfunction of the extrasarcomeric

cytoskeleton and the myofibrillar apparatus in autoso-

mal-dominant and autosomal-recessive desminopathies

with maintained desmin protein expression. Further-

more, our newly generated desminopathy cell model

provides a basis for further pathophysiological as well

as pharmacological and genetic intervention studies.
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